Photoacoustic microscopy (PAM) is a high-contrast, high-resolution imaging modality used primarily for imaging hemoglobin and melanin. Important applications include mapping of the microvasculature and melanoma tumor margins. We have developed a novel photoacoustic microscope design, which substantially simplifies construction by enabling the use of unmodified commercial optics and ultrasonic transducers. Moreover, the simple design may be readily incorporated into a standard light microscope, thus providing a familiar imaging platform for clinical researchers. A proof-of-concept Off-Axis PAM system with a lateral resolution of 26 µm and a modest axial resolution of 410 µm has been assembled and characterized using tissue samples. We have derived the appropriate equations to describe the relevant design parameters and verified the equations via measurements made on our prototype Off-Axis PAM system. A consequence of the simple design is a reduction in axial resolution compared to coaxial designs. The reduction is inversely proportional to the cosine of the angle between excitation and detection and equal to 15% and 41% for angles of 30º and 45º, respectively. While resolution is negatively affected by off-axis detection, the ability to measure weak signals at depth is enhanced. Off-axis detection has an inherent dark-field quality; chromophores excited outside the numerical aperture of the ultrasonic detector will not be detected. The physical geometry of Off-Axis PAM enables the placement of the ultrasonic transducer at the minimum distance from the sample with no obstructions between the sample and transducer. This may prove to be an additional advantage of Off-Axis PAM over designs that incorporate long working distance ultrasonic transducers and/or require the propagation of the acoustic wave through the laser excitation optics to achieve co-axial detection.
INTRODUCTION
Photoacoustic microscopy is an imaging technique that combines optical absorption contrast with high resolutions afforded by ultrasound imaging. This combination makes PAM ideal for mapping microvasculature and other strongly absorbing, micron-scale structures. PAM uses the photoacoustic effect, mapping pressure waves arising from thermal expansion of a light absorber. This phenomenon can be detected with an ultrasound transducer, resulting in depthencoded, absorption contrast signals [1] .
Very few imaging techniques approach the ability of PAM to image microvasculature deep in living tissue. Current PAM systems have resolutions approaching the size scale of capillaries [2] , showing potential to be the preferred method of microvasculature imaging. Currently, PAM is largely limited to laboratories specializing in photoacoustic imaging, thus not available to many researchers that could utilize its unique imaging capabilities. This inability to be widely available is in part due to the complexity of implementing the co-axial designs currently in the literature.
Over the past several years, PAM has established itself in the field of biomedical imaging as a high-resolution imaging modality. Recently, PAM has been used to demarcate burn margins while imaging thermal burns [3] . It has also been used to monitor tumor angiogenesis by imaging microvasculature deep beneath the tissue surface [4, 5] . Gold nanoshells have been imaged, demarcating the boundaries of tumors in the rat brain [6] , and dark-field implementations of PAM have been published [7] , achieving estimated lateral and axial resolutions of 45 μm and 15 μm, respectively. Additionally, a bright field design [2] achieved lateral and axial resolutions of 5 μm and 15 μm, respectively, using a 100 MHz bandwidth transducer.
Conventional PAM systems, such as those mentioned above, utilize a collinear setup for the delivery of light and detection of the ultrasonic waves [2] [3] [4] [5] [6] . This type of configuration is not trivial, requiring custom optics for both light delivery and ultrasonic collection, allowing the light and pressure waves to travel the same path. We propose and demonstrate a PAM design with an off-axis detection of the ultrasonic waves. An off-axis detection allows for the separation of the detection axis and the illumination axis. This enables the use of high-quality, commercially available optics and ultrasonic transducers to construct a photoacoustic microscope. A quasi-dark field detection is an additional benefit of this configuration, since the chromophores excited outside of the numerical aperture of the acoustic lens will not be detected by the transducer. As is the case in all imaging modalities, there are trade-offs for this design. Off-axis detection comes with a small price: a scalable reduction in axial resolution. An ultrasonic detector capable of 15 μm axial resolution in a collinear geometry would be reduced to 21 μm with an off-axis detection angle of 45 degrees.
METHODS AND MATERIALS
A prototype Off-Axis photoacoustic microscope was built in order to evaluate its imaging capabilities and characterize the system. The Off-Axis PAM system employed a Q-switched, 1064 nm, DPSS laser (SPOT 20-355, Elforlight), frequency tripled to 355 nm. Laser pulses (pulse duration ~ 1.5 ns, repetition rate = 1 kHz) were focused to ~26 μm by underfilling the aperture of a 0.3 NA objective lens (CFI W Plan Fluor 10X/.30 3.5 mm WD, Nikon). The corresponding depth of focus was 3 mm. The laser pulse energy directly after the objective lens was measured to be 700 nJ. The photoacoustic signals were collected using a 6 MHz, focused ultrasonic transducer (V310-SU, Olympus NDT), with a 6 mm element size, 80% (-6 dB) bandwidth and a numerical aperture of 0.23. The ultrasonic transducer was fixed at a 45º angle to the optical axis, as shown in Fig. 1 . The resulting photoacoustic signal from the transducer was then amplified through a radio frequency amplifier (ZFL-500LN, Mini-Circuits), providing ~13 dB total amplification. The amplified signal was digitized with a high speed digital oscilloscope (DPO-7254, Tektronix).
An automated micro-stepping stage (M-562, Newport Corp.) was employed to collect two-dimensional images and three-dimensional volumes. Custom software synchronized the micro stepping of the stage and the acquisition of data from the oscilloscope for the collection of volumes and cross-sections. The data was then stored as photoacoustic B-scan (vertical cross-sectional) images.
The conditions used for these proof-of-concept experiments, namely the short excitation wavelength and small ultrasonic transducer bandwidth, were not ideal for most biomedical imaging applications, but they are adequate to demonstrate the salient features of the design.
Using off-axis detection has a few consequences; in traditional systems that use a collinear configuration, the axial distance is derived by multiplying the time dependent signal from the detector with the speed of sound in the medium (1.5 mm/μs in tissue [2] ). This relationship is modified when the detector is moved off of the optical axis by an angle θ. Axial Resolution = v BW cos(θ) (2) From equation 2, it is obvious that a collinear geometry (θ = 0) yields the highest axial resolution. For off-axis detection, at 30 degrees and 45 degrees there is a 15% and 41% reduction in resolution, respectively.
Although the resolution is negatively affected in an off-axis configuration, the ability to detect weak signals is increased. Due to the unique geometry, Off-Axis PAM has an inherent dark-field quality that allows for increased detection of signals that might otherwise be buried under other undesired signals. The reason for this is that chromophores excited outside of the numerical aperture of the acoustic lens will not be detected, so stronger signals generated closer to the surface will not mask weaker signals deeper in the tissue.
The inset of Fig. 1 shows the area in the tissue where signal can be generated. This region is the overlap of the focused illumination and detection and can be defined by the projection of the transducer beam waist onto the optical axis. Using an approach analogous to Gaussian optics, the beam waist of the transducer can be approximated by the ratio of the focal length to the source diameter [8] . The projection of the detection waist at the focus is then
Where F is the focal length of the acoustic lens, f is the center frequency of the transducer, and D is the element diameter of the transducer. Using equation 3 and staying within the constraint that the overlap region does not exceed the depth of focus of the illumination, the overlap can be tailored for maximum imaging speed or maximum sensitivity, depending on the application by increasing or decreasing the detector numerical aperture.
For the images presented, the off-axis angle of the detector was set to 45° +/-3° with a protractor. Confirmation of this angle was obtained by collecting signal at two known depth locations, and applying equation 1. Using equations 2 and 3, the axial resolution and overlap dimensions were calculated to be 424 μm and 916 μm, respectively.
RESULTS AND DISCUSSION
Cross sections of a biological sample were used to evaluate the imaging capabilities of the OA-PAM system. The biological sample used was a black, human hair embedded in a piece of raw chicken breast. The melanin in the black hair will absorb the light, providing the photoacoustic signal. The sample was put in a water bath to provide an acoustic coupling medium. The diameter of the black hair was estimated to be 65 μm under a light microscope. Figure 2A shows a raw B-scan (cross section) of the hair embedded at a depth of ~ 500 μm into the chicken breast. This image was obtained by combining depth-resolved A-lines from the transducer output to create a B-scan image.
The diameter of the hair (lateral dimension in Fig. 2A ) was measured to be 70 μm, which agrees well with the 65 μm measurement from the light microscope. The imaged diameter of the hair in the axial direction was 410 μm, estimated by measuring the FWHM of the envelope of the photoacoustic signal collected from a single A-line. Since the diameter of the hair (65 μm) is much smaller than the measured axial FWHM, this value should be a good approximation of the axial resolution. The measured FWHM in both dimensions are consistent with expected results: 26 μm lateral and 424 μm axial. The resolutions can easily be scaled for improved resolution by using a detector with higher bandwidth. A 25
MHz transducer with 100% bandwidth would provide an axial resolution of 85 μm in the current setup. Using a 100 MHz transducer like the one in [2] and [7] would give an axial resolution of 21 μm.
In order to map out the excitation/detection overlap region and demonstrate the dark field properties inherent to OA-PAM, measurements were made using a 100 μm black, human hair. The hair was submerged in a water bath and measurements were taken in 100 μm increments while translating the hair in the axial direction. Figure 3 shows a plot of the maximum amplitude in B-scans taken at 100 μm increments versus the axial position of the hair. We expect figure 3 to be a good approximation of the excitation/detection overlap, because the hair diameter is much smaller than the theoretical overlap, and the depth of focus is much larger than the theoretical overlap. The FWHM of the measured overlap is ~ 900 μm, which agrees well with the theoretical overlap calculated from equation 3, 916 μm. These results demonstrate the dark field property inherent to OA-PAM. 
CONCLUSION
A novel approach to photoacoustic microscopy has been described, which greatly simplifies implementation and allows the use of commercial optics and ultrasonic transducers. This design could be integrated into a standard light microscope, allowing clinical researchers to utilize the unique imaging capabilities of photoacoustic imaging. Appropriate equations and design parameters have been derived and verified on the prototype OA-PAM system. A compromise to these advantages is a modest reduction in axial resolution: the reduction scales with the inverse of the cosine of the off-axis angle. Additional benefits include increased sensitivity due to the dark field characteristics of this approach, and a reduced detection path for the ultrasonic waves, which will improve signal-to-noise ratios in highfrequency applications.
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